Highly sensitive elemental analysis of lead carbonate colloids was demonstrated by two-pulse laser-induced plasma spectroscopy. The first laser pulse created a vapor plume with the particulates concentrated in space because of their slower propagation. They were then ablated by an ArF laser pulse that efficiently atomized and excited the lead analyte. The lead emissions were much enhanced, while the background continuum interference was minimized. The detection limit for lead was shown to be 14.2 ppb, compared with 13 ppm achieved by conventional laser-induced breakdown spectroscopy of lead ions in water and 210 ppb for lead aerosols. It is simple and speedy, and can be tailored for particle counting and sizing.
A surprising range of industries-from chemical and pharmaceutical to biotechnology-rely on colloids.
1 Their physical and chemical analyses are of immense importance. Conventionally, these analyses are complicated and time-consuming. 2 For applications in which speed is critical, such as the screening for bio-agents and explosive residues, 3, 4 alternative techniques have to be sought. Laserinduced plasma spectroscopy ͑LIPS͒ is a potential candidate. It is simple and speedy, and can be tailored for particle counting and sizing. [5] [6] [7] [8] Spectrochemical sensitivity might be a concern, but recent studies have indicated that LIPS could be ideal for elemental analyses of colloid suspensions, for three reasons. First, breakdown threshold is lowered at the colloid surface, so that less background is generated because the particulates are ablated more than the solvent matrix. 9, 10 Second, for volatile solvents such as water, the particulates propagate more slowly than the solvent vapor. 11 If these concentrated analytes are now ablated by a second laser pulse, the analyte signal will be enhanced. 12, 13 Third, for aqueous colloids, it is possible to suppress the continuum background still further if the second laser pulse is at 193 nm. 14 -16 The present study demonstrates this possibility by sampling submicron particulates of lead carbonate in water as a test case.
Colloids of PbCO 3 were used because they are stable and can be readily prepared, and lead analysis is of environmental significance. 17 The colloids were prepared by adding 36 mM solutions of Li 2 CO 3 to solutions of Pb(NO 3 ) 2 to form stock solutions of 2.0 mg/L of lead and 0.63 mM of carbonate. The particulates then grew to their equilibrium size overnight. Graded colloid concentrations were prepared by diluting the stock solutions with blank solutions of 0.63 mM Li 2 CO 3 . The colloids could be filtered out with 0.2 m filters; their diameter was estimated from sedimentation rates to be about 0.5 m and confirmed by optical microscopy. 18 The LIPS setup, shown in Fig. 1 , was a modification of an earlier arrangement. 16 Details are given in the fiugre caption. Briefly, the sample jet was ablated by a focused Nd:YAG laser beam. The expanding plume was intercepted by an ArF laser pulse. The time delay ⌬t between the two laser pulses could be precisely controlled. Plume emissions were collected, dispersed, and imaged onto an intensified charge-coupled device ͑ICCD͒.
Three aspects of the LIPS analysis of lead colloids were investigated: ͑1͒ the slower propagation of the particulates relative to the plume vapor, ͑2͒ the 193 nm laser-induced plasmas, and ͑3͒ the detection sensitivity of our approach.
Particulate propagation. This was investigated by translating the 193 nm beam along the y direction to probe the amount of lead at different positions. For better spatial definition, the ArF beam was masked and focused tightly to a spot of 0.2 mmϫ0.1 mm (wϫh). The induced spectrum was captured with the ICCD, using a gate delay of 1.5 s ͑mea-sured from the firing of ArF͒ and a gate width of 5 s. For quantitation, the lead signal was defined as the average intensity under the 405.8 nm spectral peak minus the background. By varying ⌬t between the two laser pulses, the expansion rate of the lead species in the plume could be monitored. The results are shown in Fig. 2 . The interception point was measured from the jet surface. Two families of data were plotted. Data points linked with solid lines were colloid samples containing 2 ppm of lead, probed by the 193 nm beam at ⌬t of 1 s ͑circles͒, 3 s ͑squares͒, and 5 s ͑triangles͒. The maximum signal was normalized to unity for easy comparison. The other family of data points, linked with dotted lines, was produced by samples containing dissolved lead nitrate in deionized water, without colloids. The lead concentration was 200 ppm. Normalized traces at the same three ⌬t were displayed. As can be seen, lead species in the colloid sample expanded more slowly. Their spatial extents were about 0.2, 0.4, and 0.6 mm at 1, 3, and 5 s, respectively. Accordingly, the propagation velocities were about 200, 130, and 120 m s Ϫ1 at the three respective times, consistent with particulate expansion velocities in pulsed laser ablation of solid targets in air. 11 In contrast, the lead species from the nitrate sample were dispersed far beyond 1 mm in 1 s, consistent with the km s Ϫ1 expansion speed of atomic species in laser-ablated plumes. 19 Even the luminous a͒ Present address: Department of Physics, Yunnan University, Kunming, China.
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c͒ Author to whom correspondence should be addressed; electronic mail: nhcheung@hkbu.edu.hk APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 16 20 OCTOBER 2003 core was noticeably displaced outward at 5 s. The diameter of the entire luminous plume was about 2.5 mm, so that the concentration of lead particulates was orders of magnitude higher than the atomized species.
The 193 nm induced plasma. The time dependences of the analyte signal, electron density n e , and plasma temperature T are shown in Fig. 3 . The experimental conditions are given in the caption. Figure 3͑a͒ shows the Pb 405.8 nm signal ͑circles͒ and the continuum background ͑triangles͒. Two samples were analyzed: suspended PbCO 3 colloids ͑solid symbols͒ and dissolved Pb(NO 3 ) 2 ͑open symbols͒.
Based on the figure, several observations could be drawn. First, unlike conventional LIPS, analyte signals were visible, while backgrounds were tolerable as early as 0.2 s. Second, the continuum emissions were similar for both samples, suggesting that the bulk plasma properties were alike. Third, the colloid sample gave brighter Pb emissions despite a 15ϫ lower ͓Pb͔, which demonstrates the preconcentration advantage. Fourth, the colloid signal peaked after 1 s. This delay could be due to slow recombination of Pb ions if the plasma was created too hot. However, intense continuum emissions associated with hot (TϾ1 eV) plasmas were not observed. Quite the opposite, the nascent plasma was probably not hot enough, so that colloid particles were vaporized and atomized on a microsecond instead of nanosecond time scale. This is the more probable cause of the delay. Figure 3͑b͒ shows n e (t) that was estimated from the Stark width of the hydrogen H ␤ (486.1 nm) line. 20, 21 Expectedly, the density decayed monotonically as the continuum emissions ͓Fig. 3͑a͔͒. The low density (10 16 cm Ϫ3 ) is also reasonable if the plasma created from a dispersed plume was not too hot, as we have surmised. Nonetheless, n e remained above 10 15 cm Ϫ3 for 2.5 s, thus guaranteeing local thermal equilibrium and well-defined plasma temperatures. seeded with 1.2 mM of lithium ions for that purpose. They represented the bulk temperature. T was also measured for Pb(NO 3 ) 2 solutions based on Pb lines ͑open circles͒, as well as Li 2 CO 3 blanks based on Li lines ͑open triangles͒. These two again corresponded to bulk temperatures because the metal salts were soluble. As can be seen, the three bulk T were similar except for the initial data points of the nitrate sample ͑open circles͒. That could be attributed to T-averaging along the line of sight, which was weighted by the spectral line intensities. The hottest and therefore brightest region was weighted most heavily, especially for the Pb 280.2 nm line. The effect was particularly apparent near the beginning when the plume was extremely inhomogeneous. The consistently lower colloid temperature ͑solid circles͒ for tϾ0.2 s is noteworthy. As proposed earlier, the colloids were heated by the bulk plasma and vaporized; 8 the associated latent heat possibly caused the cooling.
We have seen the mild heating of the plume at 193 nm, regardless of the colloids. This is in sharp contrast to the violent explosion associated with laser-induced breakdown. The controlled rekindling can be attributed to the resonant absorption of 193 nm photons by vibrationally excited H 2 O molecules in the vapor plume. 22 The electronic energy was thermalized among the plume species. Absorption was selfterminated once the electronic transition was saturated. As a result, ArF heating was more efficient and controllable than conventional inverse Bremsstrahlung heating. 23 Detection sensitivity. In order to establish the detection limit, all relevant experimental parameters had to be optimized, including the laser fluences and beam spot sizes, ⌬t between the two pulses, spectrograph slit widths, and ICCD gate settings. Because of their interplay, iterative adjustments would be necessary. Instead of performing exhaustive trials, we simply adopted the best combination that we have tried. The LIPS spectra for samples containing graded amounts of lead colloids are shown in Fig. 4 . Details of the experimental conditions are given in the caption. The edge pixels of the ICCD were not intensified and therefore served conveniently as baselines. The calibration curve is shown in Fig. 4 ͑inset͒. The best linear fit is also plotted. The corresponding correlation R 2 was 0.996 and the slope s was 1.52 ppm Ϫ1 . The standard deviation of the blank signal was determined by analyzing blank solutions of 0.63 mM Li 2 CO 3 . Ten such data points were recorded and was 0.0072. Accordingly, the limit of detection LOD (ϭ3/s) was found to be 14.2 ppb. This is to be compared with an LOD of 13 ppm established by non-193 nm LIPS analysis of lead ions dissolved in water, 24 and 210 ppb for lead aerosols. 17 In summary, we demonstrated the trace analysis of aqueous lead colloids by first creating a plume with a Nd:YAG laser pulse. The preconcentrated particulates were then atomized by an ArF laser pulse. The lead emissions were enhanced, while the background interference was minimized. The detection limit for lead was 14.2 ppb. The analysis is currently extended to other colloids and possibly to biological cells as well. 4 . Time-integrated spectra generated by two-pulse analysis of aqueous suspensions of lead carbonate colloids. The experimental conditions were similar to that of Fig. 3 , except that the ICCD gate settings were 1 s delay and 5 s width. Five hundred events were accumulated for each spectrum. Seven samples of graded ͓Pb͔ are shown: blank, 63 ppb, 125 ppb, 250 ppb, 0.5 ppm, 1 ppm, and 2 ppm. The lead 405.8 nm line could be clearly seen. Spectra were shifted sideways for visual clarity. The edge pixels of the CCD detector were not intensified and therefore served as baselines. Inset shows calibration curve based on the Pb spectra, together with the best linear fit ͑dotted line͒. Five data points were gathered for each concentration. The correlation R 2 was 0.996. Slope was 1.52 ppm
Ϫ1
.
